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Abstract Post-hypoxic injuries in plants are primarily caused
by bursts of reactive oxygen species and acetaldehyde. In agree-
ment with previous studies, we found accumulations of acetalde-
hyde in rice during re-aeration following submergence. During
re-aeration, acetaldehyde-oxidizing aldehyde dehydrogenase
(ALDH) activity increased, thereby causing the acetaldehyde
content to decrease in rice. Interestingly, re-aerated rice plants
showed an intense mitochondrial ALDH2a protein induction,
even though ALDH2a mRNA was submergence induced and
declined upon re-aeration. This suggests that rice ALDH2a
mRNA is accumulated in order to quickly metabolize acetalde-
hyde that is produced upon re-aeration.
* 2003 Federation of European Biochemical Societies. Pub-
lished by Elsevier Science B.V. All rights reserved.
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1. Introduction
Extended anaerobiosis causes a decrease in ATP production
and cytoplasmic acidosis, both of which can injure a plant.
This type of injury is referred to as hypoxic injury or anoxic
injury [1^5]. In addition, cells may be damaged during re-
aeration following anaerobic conditions. This is known as
post-hypoxic injury or post-anoxic injury [6^8]. The injury is
associated with two kinds of molecules: reactive oxygen spe-
cies (ROS) and acetaldehyde. The production of ROS is im-
mediately induced upon exposure of anaerobic plant tissues to
normal oxygen tension and, in consequence, cellular compo-
nents can undergo severe peroxidation [9,10]. Re-aeration also
induces the production of acetaldehyde, as a result of oxida-
tion of ethanol, which is produced and accumulated by etha-
nolic fermentation under low-oxygen conditions (Fig. 1)
[11,12]. Ethanol is assumed to be rapidly oxidized to acetal-
dehyde by alcohol dehydrogenase (ADH) and/or catalase
(CAT) (Fig. 1) [6,13,14]. In addition, residual activity of py-
ruvate decarboxylase (PDC), which catalyzes the conversion
of pyruvate to acetaldehyde (Fig. 1), might contribute to the
increase of acetaldehyde.
Acetaldehyde is harmful to cells because of its tendency to
form adducts with protein and DNA [15,16]. Cells possess
mechanisms to metabolize acetaldehyde. Aldehyde dehydro-
genase [ALDH (aldehyde: NAD(P)þ oxidoreductase, EC
1.2.1.3)] catalyzes the conversion of aldehydes to the corre-
sponding acids [17]. In human, ALDH is encoded by a large
family of genes, one of which encodes the mitochondrial
ALDH2. ALDH2 plays an important role in the metabolism
of ethanol-derived acetaldehyde [18]. In plants, mitochondrial
ALDH genes have been identi¢ed in several species, including
maize [19^22], rice [23,24], barley [25], tobacco [26] and Ara-
bidopsis [22].
It is possible that ALDH plays a role in metabolism of
post-hypoxically produced acetaldehyde in plants. To examine
this possibility, we measured ALDH activities and the
amounts of acetaldehyde in rice under submerged conditions
and following re-aeration. Based on a comparison of mRNA
levels and protein levels of mitochondrial ALDH genes, we
propose a novel type of regulation of this enzyme in rice.
2. Materials and methods
2.1. Plant material, growth conditions and treatments
Rice (Oryza sativa L., cv. Nipponbare) seedlings were grown in the
light at 28‡C for 8 days. For treatments of submergence, aerobically
grown seedlings were completely submerged in water in the dark at
28‡C. After the period of submergence, seedlings were transferred to
aerobic conditions in the dark at 28‡C. The durations of the submer-
gence and the following re-aeration period are given in the legends of
¢gures. For RNA and protein extraction, leaves of seedlings were
harvested and immediately frozen in liquid nitrogen. For crude en-
zyme extractions, the treated seedlings were processed immediately.
2.2. Crude enzyme extraction and ALDH assay
Leaves of submerged and re-aerated seedlings were collected and
immediately ground in a mortar with ice-cooled extraction bu¡er
(150 mM Tris^HCl, pH 8.0, 25% (v/v) glycerol, 2% (w/v) polyvinyl-
pyrrolidone, 0.8% (v/v) L-mercaptoethanol, 5 mM dithiothreitol and
0.5% (v/v) Triton X-100). The homogenates were ¢ltered by two layers
of Miracloth (Calbiochem, La Jolla, CA, USA), and then centrifuged
at 15 000 rpm for 15 min at 4‡C. The supernatants were assayed for
ALDH activity as described by Tsuji et al. [24].
2.3. Gas chromatography^mass spectrometry (GC-MS) analysis of
acetaldehyde and ethanol
Eight-day-old rice seedlings were submerged in water for 24 h and
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then were re-aerated for 0.5, 1, 2 and 4 h in the dark. The leaves were
collected and were quickly frozen in liquid nitrogen. A GC-MS (Hew-
lett-Packard, Cheadle Heath, UK) analysis of acetaldehyde and etha-
nol was conducted by the method of Suzuki et al. [27] with some
modi¢cations. At ¢rst, the frozen samples were ground in liquid nitro-
gen with a mortar and pestle. Approximately 20 mg of powdered
samples and 100 Wl of 10 000U diluted 1-propanol (an internal stan-
dard) were added to a 6-ml vial. The vials were immediately sealed
with a septum secured by an aluminum cap and then were heated with
boiling water for 1.5 min. These processes were conducted in a cold
room (4‡C). GC-MS analysis conditions were as follows: a capillary
column (HP-Wax), 60 m longU0.25 mm i.d. fused silica, wall coated
with cross-linked polyethylene glycol (0.25 Wm ¢lm thickness); oven
temperature, held at 40‡C for 2 min, increased in two-step linear
gradations from 40 to 240‡C (5‡C min31 from 40 to 120‡C, and
10‡C min31 from 120 to 240‡C), and held at 240‡C for 3 min; in-
jection temperature, 200‡C; injection, split (1/5 ratio) injection; car-
rier gas, helium; £ow rate, 1 ml min31. Results were shown by total
ion chromatography (TIC) of acetaldehyde [TIC(AA)] or ethanol [TI-
C(EtOH)] divided by dry weight [g(DW)] and TIC of 1-propanol
[TIC(1-PrOH); internal control].
2.4. RNA extraction and Northern hybridization
Total RNA was extracted by the standard guanidine thiocyanate/
CsCl method [28]. Electrophoresis of RNA and Northern hybridiza-
tion were performed by the method of Saisho et al. [29]. Each blot
was hybridized only with the speci¢c probe and equal loading of RNA
was con¢rmed by ethidium bromide staining of each electrophoresis
gel. All experiments were repeated three times or more and the same
results were obtained.
2.5. Protein extraction and immunoblotting
Total proteins were extracted from leaves of rice seedlings by the
method of Nakazono et al. [23]. SDS^PAGE (sodium dodecyl sulfate^
polyacrylamide gel electrophoresis) and immunoblotting were done as
described previously [24]. All experiments were repeated three times or
more and the same results were obtained.
3. Results
3.1. ALDH activities and acetaldehyde amount in rice under
submergence and under re-aerated conditions
ALDH activity in rice plants that had been submerged for
24 h (Fig. 2A, bar labeled S24) was comparable to that in
aerobic plants (bar labeled 0). However, ALDH activity in-
creased gradually following re-aeration, reaching three times
the activity in the aerobic plants after 4 h (bars labeled R0.5
to R4).
Ethanol and acetaldehyde levels in rice seedlings were low
under aerobic conditions, but signi¢cantly increased after sub-
mergence for 24 h (Fig. 2B) most likely as a result of ethanolic
fermentation. When the submerged rice plants were trans-
ferred to aerobic conditions, concentrations of ethanol began
to decrease during the ¢rst 1 h and reached one-¢fth the initial
level at 4 h after re-aeration (Fig. 2B). The acetaldehyde con-
centration in rice slightly increased just after re-aeration (i.e.
0.5, 1 and 2 h) and then decreased signi¢cantly at 4 h after re-
aeration. Thus, the decrease of acetaldehyde was slower than
the decrease of ethanol.
3.2. Induction of ALDH2a protein occurs soon after
re-aeration
To dissect the post-hypoxic activation of ALDH at the
molecular level, we carried out a Northern blot analysis of
rice ALDH2 genes (Fig. 3A). Rice possesses two mitochon-
drial ALDH genes, ALDH2a and ALDH2b [24]. When rice
seedlings were submerged for 24 h, the ALDH2a mRNA level
increased (Fig. 3A), as described previously [23]. When the
submerged seedlings were re-aerated, the submergence-in-
duced ALDH2a mRNA level gradually declined and became
almost undetectable at 4 h after re-aeration (Fig. 3A). By
contrast, the ALDH2b mRNA level, which was decreased
by submergence, began to recover after 2 h of re-aeration
(Fig. 3A). The steady-state mRNA level of the anoxia (hyp-
oxia)-inducible ADH1 gene [5] increased signi¢cantly under
submergence (data not shown), verifying the low oxygen sta-
tus in the experiment. Aerated control plants did not show
any changes of expression of ALDH2a and ALDH2b genes
(data not shown).
In an immunoblot analysis of ALDH2 protein levels under
Fig. 1. Proposed metabolic pathways of acetaldehyde in rice under submerged conditions and following re-aeration. Under submerged condi-
tions, pyruvate, which is produced by pathways such as glycolysis, is converted to acetaldehyde by PDC. At the same time, acetaldehyde is
converted to ethanol by ADH and to acetate by ALDH. When the submerged plants are transferred to aerobic conditions (re-aeration), the an-
aerobically accumulated ethanol is rapidly oxidized to acetaldehyde by the reverse reaction of ADH and/or the peroxidation of ethanol by
CAT during the conversion of H2O2 to H2O. We suggest that ALDH e⁄ciently metabolizes acetaldehyde by the rapid increase of mitochon-
drial ALDH under re-aeration.
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submergence and after re-aeration, two signals were observed
(Fig. 3B). The upper and lower bands correspond to ALDH2a
and ALDH2b, respectively, as reported previously [24]. The
band intensities (Fig. 3C) show that ALDH2a protein levels
were very low before submergence (0 h), and increased slightly
during submerged conditions, in spite of a signi¢cant increase
in the mRNA of ALDH2a. Surprisingly, re-aerated seedlings
showed an intense, but transient, ALDH2a induction, peaking
at 4 h after re-aeration, whereas ALDH2a mRNA declined
after re-aeration. On the other hand, ALDH2b protein levels
slightly decreased under submerged conditions and slowly re-
covered after re-aeration. The expression patterns of ALDH2a
and ALDH2b are summarized in Fig. 4.
4. Discussion
Post-hypoxic acetaldehyde accumulation has been reported
in several plants [6,11,12], and may be a result of oxidation of
ethanol by ADH and/or CAT or decarboxylation of pyruvate
by PDC (Fig. 1). In order to fully recover from submergence,
the re-aerated tissues must further metabolize acetaldehyde to
non-toxic metabolites. We assume that ALDH is an impor-
tant enzyme for metabolizing acetaldehyde during the re-aer-
ation period in rice (Fig. 1). In this study, we found that the
acetaldehyde-oxidizing ALDH activities of rice increased
under re-aerated conditions following a period of submer-
gence (Fig. 2A). This corresponds to the patterns of accumu-
lation of mitochondrial ALDH proteins (Fig. 3B,C), which
can oxidize acetaldehyde [23,24], indicating that the increase
of ALDH2a protein in rice plants after re-aeration contributes
to the increase of total ALDH activity.
The contributions of the cytosolic ALDH proteins of rice
(ALDH1a and ALDH1b) to oxidation of post-hypoxically
produced acetaldehyde may be less than those of mitochon-
drial ALDH2. This is because the transcript levels of ALD-
H1a and ALDH1b are very low in leaves of rice seedlings
([30] ; Tsuji and Nakazono, unpublished data), and because
Fig. 2. A: ALDH activities of 8-day-old rice seedlings prior to sub-
mergence (0), after 24 h of submergence in the dark (S24), and after
0.5, 1, 2 and 4 h of re-aeration (R0.5, R1, R2 and R4, respectively)
in the dark. Activities indicate mean valuesR S.E.M. of four sepa-
rate experiments. B: Ethanol and acetaldehyde contents of sub-
merged and re-aerated rice seedlings. Amounts of ethanol and ace-
taldehyde in headspace vapor of leaves measured by GC-MS. Data
show mean values RS.E.M. of three separate experiments.
Fig. 3. Eight-day-old aerobically grown seedlings in the light (0 h) were submerged for 24 h in the dark, and then re-aerated for the indicated
intervals in the dark. A: Northern blot analysis of transcripts of ALDH2a and ALDH2b. Each lane was loaded with 5 Wg total RNA. Equal
loadings of total RNA were checked by ethidium bromide (EtBr) staining. B: Immunoblot analysis of ALDH2a and ALDH2b. Each lane was
loaded with 35 Wg total protein. C: Quanti¢cation of relative protein levels of ALDH2a and ALDH2b shown in panel B. Protein levels are ex-
pressed as a percent of the level at 0 h.
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both ALDH1a and ALDH1b transcripts decreased by treat-
ments of submergence (Tsuji and Nakazono, unpublished
data).
Although submergence caused a dramatic increase of rice
ALDH2a mRNA, it did not greatly increase the level of ALD-
H2a protein (Figs. 3 and 4). One possible explanation is that
ALDH2a mRNA is translated, but that ALDH2a protein is
rapidly degraded under submergence, but not under re-aer-
ated conditions after submergence. Another possibility is
that the translation e⁄ciency of rice ALDH2a mRNA is lower
under submerged conditions because submerged conditions
can lead to selective translation [31^35]. If translation does
not occur during submergence, the induced ALDH2a
mRNA might be pooled in preparation for the upsurge of
acetaldehyde after re-aeration [12,36]. The increase in ALD-
H2a protein during re-aeration might be the result of the
translation of this pooled mRNA. Thus, pooling of the
mRNA would greatly speed up oxidation of acetaldehyde
after re-aeration (Fig. 4).
In the re-aeration period, a possible role of mitochondrial
ALDH is to contribute to the production of acetyl^CoA.
ALDH-produced acetate could be converted to acetyl^CoA
by acetyl^CoA synthetase (ACS; EC 6.2.1.1.) in plants. The
acetyl^CoA may be supplied as a substrate for the TCA cycle,
respiration and lipid biosynthesis, each of which has been
shown to occur in tobacco pollen [37^39]. In fact, we detected
signi¢cant levels of ACS proteins (ACS1 and ACS2) in rice
seedlings under submergence and under subsequent re-aerated
conditions (Tsuji and Nakazono, unpublished data).
Another possible role of mitochondrial ALDH is to supply
NADH for respiration. The oxidation of acetaldehyde to ace-
tate by ALDH concomitantly converts NADþ to NADH in
mitochondria (Fig. 1). Thus, the oxidation of acetaldehyde by
mitochondrial ALDH under re-aerated conditions may con-
tribute to a rapid recovery of respiration and ATP synthesis
through NADH production in rice mitochondria. Further in-
vestigations are needed to evaluate the possible physiological
roles of mitochondrial ALDH proteins in re-aerated rice
plants.
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